/i-type InP substrates [8]. This influence of the LD structure on the 
resistance is thought to be conspicuous in ZnSe-based LDs, 
because the electron mobility of ZnSe is much smaller than that of 
InP. Actually, the differential resistance at the current density of 
500 A/cm 2 is ~18fl for the homo-epitaxial ZnSe-based LDs and is 
two times larger in magnitude than that of the ordinary ZnSe- 
based LD structure grown on n-type GaAs substrates. The 
increase in the differential resistance for the homo-epitaxial LDs is 
mainly attributed to the additional sheet and contact resistance of 
the rt-type ZnSe contact layer. Therefore it is believed that the use 
of highly conductive /i-type ZnSe substrates would be effective at 
both reducing the diode resistance and suppressing the tempera- 
ture rise in the active layer for homo-epitaxial LDs. 

1.0 . . 

I 
/ 
I 

S I 
E I 




Fig. 3 Light output-current characteristics of homo-epitaxial LD at 
room temperature 



CW operation 

pulsed operation 

r= 298K 



In conclusion, we have achieved room temperature CW opera- 
tion of ZnSe-based blue-green laser diodes, homo-epitaxially 
grown for the first time on semi-insulating ZnSe substrates. The 
threshold current and the operation voltage under CW operation 
were 84mA and 15V, respectively. The differential resistance of 
homo-epitaxial LDs was two times larger than that of hetero-epi- 
taxial LDs grown on /i-GaAs. It is important that highly conduc- 
tive rt-type ZnSe substrates become commercially available to 
improve the characteristics of homo-epitaxial LDs. 
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Improvement of f T by dipole doping at the 
collector heterojunction in InP double HBTs 

S.P. McAIister, W.R. McKinnon and R. Driad 



Indexing terms: Semiconductor heterojunctions, Heterojunction 
bipolar transistors, Semiconductor doping 

The authors show clearly how dipole doping at the collector 
heterojunction in an InP/lnGaAs double heterojunction bipolar 
transistor improves device performance. Specifically, both f T and 
f MAX are increased and the DC current-blocking is reduced. Also 
the DC switching characteristics, seen in devices with abrupt 
undoped InGaAs/InP collector heterojunctions, can almost be 
eliminated by using the dipole doping at that interface. 

Introduction: The composite-collector design for double HBTs [1] 
improves the breakdown performance of the devices, and the 
design of the collector heterojunction and collector doping profile 
can help improve the high frequency performance, without com- 
promising the DC characteristics. In this Letter we compare 
devices whose only difference is the doping near the collector het- 
erojunction, showing clearly the improvement of both the RF and 
the DC performances. The energy barrier at the InGaAs/InP het- 
erojunction in the collector can degrade the DC performance at 
high current densities, and can also cause a switching behaviour 
[2, 3]. The collector barrier blocks electron flow when it extends 
above the base conduction band, for the case of ballistic electrons 
and also when the electrons are thermalised [4]. This blocking 
effect causes a buildup of stored charge in the collector and limits 
the high-speed performance, as measured by f T for example. 

A complicated competition between tunnelling and thermionic 
emission of electrons across the heterojunction in the collector 
produces the DC switching effects seen in some composite-collec- 
tor DHBTs [3]. In general, the switching is related to the existence 
of & or AT-shaped negative differential conductivity (NDC) and 
leads to hysteresis in a voltage-controlled experiment [3]. Experi- 
mentally, the effect is best seen in the device's common-base char- 
acteristics, although the common-emitter characteristics also 
displays the effect. 

In composite-collector HBTs there are various approaches to 
reducing the effects of the energy barrier at the InGaAs/InP inter- 
face by modifying the electric field distribution, for example 
through 5-doping [5] or grading of the junction [6J. Here we show 
clearly how dipole-doping [7] at the InGaAs/InP interface 
improves f T , as well as the DC characteristics. 

Epitaxial structure and devices: Table 1 shows the details of the 
epitaxial layer structures, grown by gas-source MBE by Tutcore 
Ltd., that were used for the devices. The lattice-matched alloy 
In 053 Ga 0 4 7 As is referred to as InGaAs. The collector structure 
incorporates a spacer layer of InGaAs between the base and the 
InP in the collector. Dipole-doping [7] can increase the electric 
field over a thin layer and narrow the energy barrier at a hetero- 
junction. The two layer designs differ only in the doping at the 
InGaAs/InP heterojunction in the collector. In the wafer, referred 
to as 'dipole-doped', extra doping was added near the InGaAs/InP 
interface. The top lOnm of InP before the InGaAs/InP interface 
was /j-doped to 10'*cnr 3 (this gives an area! density of 10 12 cnr 2 ), 
and the first lOnm of InGaAs after the interface was /Kloped to 
the same level. The dipole-doping at the InGaAs/InP interface 
narrows the barrier so that electrons should be able to tunnel 
through the top part of it. 
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Table 1: Epitaxial layer structure 



Material 


Thickness 


Doping 


Density 




(jm 




crrr 3 


InGaAs 


0.10 


n (Si) 


2 x 10 i!> 


InP 


0.06 


^ (Si) 


2 x 10" 


InP 


0.09 


n (Si) 


3 x 10" 


InGaAs 


0.01 


undoped 


— 


InGaAs 


0.05 


p(Be) 


2 x 10i9 


InGaAs 


0.05 


"(Si) 


5 x 10'* 


InP 


0.30 


/i (Si) or 
dipole-doped 


5 x 10i5 


InP 


0.008 


"(Si) 


5 x 10'* 


InGaAs 


0.45 


"(Si) 


5 X 10i8 


InP 


substrate 


SI(Fe) 





Large-area devices were fabricated with wet chemical etching 
and had a triple mesa structure, as did the high frequency ones. 
The latter devices differed in having self-aligned emitters, and had 
high frequency pads on conformal SiO z to contact the device 
through via holes in the oxide. The large-area devices ranged in 
emitter area from 50 x 50 um 2 to 70 x 90 um 2 ,whereas the high fre- 
quency devices were as small as 3 x Sum 2 . 

Results and discussion: Gummel plots for large-area devices with 
identical emitter areas, made from the two different epitaxial 
structures, gave almost identical characteristics, confirming that 
the emitter and base structures are essentially the same and that 
the device fabrication was reproducible. The DC gain at V BE - 
0.5V was -90, and the base and collector currents did not cross 
down to < 10- n A . For both layer designs the breakdown volt- 
ages at room temperature exceeded 8 V. 

I 1 1 1 1 1 




Fig. 1 Common-base characteristics 

a At 100K for undoped collector device compared with dipole-doped 
transistor 

b At 295K for 6 x lOum 2 high frequency devices 

undoped collector device 

dipole-doped device 

Devices had 70 x 90um 2 emitter areas 



In Fig. \a the common-base characteristics at 100K for the 
undoped collector structure (solid lines in the Figure) show the 
switching behaviour: at low V CB the collector current J c is signifi- 
cantly smaller than its ultimate value of cVe- This is due to the 
blocking effect of the collector heterojunction [4]. If V CB is ramped 
down to 0 V from an initial value of 1.5 V the curves show the hys- 
teresis, which is the result of the underlying ^-shaped nature of the 
I-V characteristic. With the incorporation of dipole-doping at the 
collector heterojunction there is no evidence (dashed line in Fig. 
la, also at 100K) of the current-blocking, switching or hysteresis 
as seen for the previous device. The devices in Fig. la are large- 
area devices (70 x 90um 2 emitter area) where the current densities 



are low. In Fig. \b the room temperature common-base character- 
istic for a 6 x lOum 2 high frequency device, with the undoped col- 
lector structure, still displays the switching and current-blocking 
effect. For increasing I E) the voltage of which I c attains the limit- 
ing value cto/f shifts to higher voltages. This is important to 
remember when performing experiments against I E . The dashed 
line in Fig. \b shows the corresponding results for a dipole-doped 
device at room temperature. 

The high-speed performance can be compromised when com- 
posite-collector HBTs show switching or current-blocking because 
of the collector heterojunction. As a result of the current blocking, 
a large concentration of electrons builds up in the potential well 
formed at the barrier in the collector [4]. This extra stored charge 
will increase the charging time of the device and so reduce its high 
frequency performance. Fig. 2 compares the variation of f T and 
f MAX for devices with and without the dipole-doped collector struc- 
ture. The results for the undoped collector device do not extend 
beyond 20mA due to the current-blocking, which complicates 
experiments. At a fixed V CEy where, at low currents, the biasing 
conditions put the device above the region where there is current- 
blocking, eventually at higher currents this is not so, and the 
experiments cannot be properly carried out This is because the 
blocking/switching regime moves to higher voltages as I E increases. 
(This point is illustrated in the case of the common-base character- 
istics by reference to the data in Fig. lb. For example, at V CB - 
0.5V and with low currents, the device looks normal, but eventu- 
ally at a high enough value of I Ey the current blocking region 
occurs for this voltage. Any experiment that looks at a dependence 
on I c or I E is eventually effected.) 
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Fig. 2 Collector current dependence of f T and f UAX for undoped and 
dipole-doped devices 

Devices had emitter areas of 6 x lOum 2 and V CE - 2V 
■ undoped 
□ dipole-doped 



Devices with dipole-doping perform well, achieving a maximum 
value for f T of ~80GHz (at a collector current density of ~4 x 10 4 
A cm- 1 ) for a 6 x 10 urn 2 device, even though the fabrication and 
layer design is not aggressive. The maximum value of f T for the 
dipole-doped device corresponds to a minimum total delay time of 
1.97ps. We estimate the emitter charging time as -0.43 ps by 
extrapolating \/(2nf T ) against l/I c to zero l// c . Note that for the 
dipole-doped case, the values of f T at a given collector current are 
above the corresponding values for the undoped collector device, 
showing that dipole-doping reduces the stored charge in the collec- 
tor. As Fig. 1 shows, there is no evidence of current-blocking 
effects in dipole-doped devices with emitter areas of 50 um 2 . It 
must be checked whether the blocking is also eliminated for 
devices with still smaller emitters. If it is not elinunated, there is 
room to narrow the barrier still further, by replacing the uniform 
doping in our design by 6-doped layers on either side of the bar- 
rier. 

Conclusions: We have demonstrated how dipole-doping at the col- 
lector heterojunction in composite-collector DHBTs leads to a 
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better high frequency performance, as a result of a reduction in 
the current-blocking and switching behaviour found in designs 
which do not incorporate the dipole-doping. 
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